The frequency distribution of the retrotransposon Osvaldo in the haploid genome of Drosophila buzzatii has been studied in five natural populations from the Iberian Peninsula and six natural populations from Argentina. In Iberian populations, Osvaldo insertion sites do not follow a Poisson distribution, most probably due to eight euchromatic sites with high occupancy, found in all populations. The estimated ␣ and ␤ parameters, which measure the relative importance of drift and negative selection in shaping frequency distributions, indicate that drift is the main force acting upon the distribution of Osvaldo in natural populations of D. buzzatii in the Iberian Peninsula. On the other hand, Osvaldo distribution in populations from Argentina is similar to the distribution of elements with low copy numbers, such as those described for Drosophila melanogaster and Drosophila simulans: there are no indications for deviation from a Poisson distribution, there is a low occupancy per insertion site, and genetic drift has no apparent effect on the frequency distribution. We propose that the unusual distribution found in the populations from the Iberian Peninsula is a consequence of the colonization process. Iberian Peninsula populations suffered a genomic redistribution of Osvaldo, most probably after a founder effect. Consequently, certain copies that arrived at high frequencies are showing a high occupancies today, and the mean copy number of Osvaldo is higher in Iberian Peninsula populations than in populations from Argentina. All other copies are the result of recent (after colonization) transposition events.
Introduction
Transposition rate has been directly measured in a few instances (Eggleston, Johnson-Schlitz, and Engels 1988; Harada, Yukuhiro, and Mukai 1990; Labrador and Fontdevila 1994; Nuzhdin and Mackay 1994, 1995; Nuzhdin, Pasyukova, and Mackay 1996) , and it appears that excision rates are at least one order of magnitude lower than insertion rates. Thus, it is easy to predict that, in the absence of other mechanisms of removal, transposable elements (TEs) would eventually be fixed in a high proportion of the occupied sites. Yet, it is known that more than 50 families of TEs are harbored in the genome of Drosophila melanogaster (Lindsley and Zimm 1992; Finnegan 1992 ) and that they are found mostly in sites with low frequencies of occupancy in natural populations Langley 1989, 1991; Biemont 1992; Charlesworth, Sniegowski, and Stephan 1994) . Hence, it becomes clear that even if transposable elements have adaptive roles in their hosts, mechanisms other than spontaneous excision are necessary to control their ability to spread in the genome.
A systematic approach to infer the dynamics of TEs in natural populations is the analysis of the distribution of insertion sites for each particular element in chromosomes extracted from natural populations (Montgomery and Langley 1983; Charlesworth and Lapid 1989) . The results of these surveys showed that most sites are occupied only once or very few times (reviewed in Langley 1989, 1991; Biemont 1992; Charlesworth, Sniegowski, and Stephan 1994) . The only exception is for the heterochromatic regions, where there is an overabundance of most retrotransposons (Miklos et al. 1988; Yamamoto et al. 1990 ). All of these observations suggest that most insertions in genes or close to gene regulatory regions would have deleterious instead of beneficial effects.
Mathematical models have been developed to understand the extent to which transposition, excision, selection, and genetic drift act on the distribution of TEs in nature (Charlesworth and Charlesworth 1983; Langley, Brookfield, and Kaplan 1983) . The results obtained so far indicate that genetic drift has no or very little effect on the frequency distribution of TEs (Charlesworth and Lapid 1989; Charlesworth, Lapid, and Canada 1992a; Biemont et al. 1994; Nuzhdin 1995) . Most of the results showed an equilibrium between mechanisms that increase the number of elements (i.e., transposition) and those that tend to eliminate them from the population (i.e., excision and negative selection). However, the nature of the selection process acting against the increase of copy number remains unclear. It seems clear that selection against nondeleterious insertions (insertions far from coding regions) is not strong enough to counterbalance the action of transposition. In fact, in Drosophila, differences in copy number between autosomes and the X chromosome, where negative selection must be stronger due to the hemizygotic state of the males, gives significant differences for only a few elements (Biemont 1992; Charlesworth, Lapid, and Canada 1992b; Biemont et al. 1994; Vieira and Biemont 1996) . Selection against deleterious chromosomal rearrangements produced by ectopic recombination between TE copies in nonhomologous sites has also been proposed as the main factor in controlling the spread of TEs in natural populations (Langley et al. 1988; Charlesworth and Langley 1989; Montgomery et al. 1991) . According to this hypothesis, the copy number must be higher in chromosomal regions in which recombination is severely reduced. High numbers of TEs in the bases of the chromosomes and in low frequency inversions have been reported, favoring such a hypothesis (Charlesworth, Lapid, and Canada 1992b; Sniegowsky and Charlesworth 1994) . However, a high number of TEs in the tip of chromosome X, where recombination is also severely reduced, has never been reported (Charlesworth and Langley 1989; Charlesworth, Lapid, and Canada 1992b; Biemont et al. 1994; Charlesworth, Sniegowski, and Stephan 1994) . A more detailed study of the data, considering both amount of DNA and recombination frequency along the chromosomes, has shown a lack of correlation between recombination rate and number of copies for most TEs tested so far (Hoogland and Biemont 1996; see Charlesworth, Langley, and Sniegowski [1997] and Biemont et al. [1997] for discussions on this topic).
So far, most relevant data on this subject come from D. melanogaster. Additionally, some evidence suggests that the repetitive composition of the genome of this species could be quantitatively different from those of other species (Sternberg et al. 1992) , even in the genus Drosophila (Dowset 1983; Marín, Labrador, and Fontdevila 1992; Marín and Fontdevila 1996) . Interestingly, if recombination is one of the mechanisms determining TE dynamics, differences in recombination rates between species could produce significant differences in copy number and, possibly, in chromosomal distribution. For these reasons, we believe that the analysis of different species and populations will contribute significantly to the understanding of TE biology and will be useful for testing the conclusions already drawn from the work done with D. melanogaster.
Drosophila buzzatii, a member of the buzzatii species complex of the repleta group, is originally from Argentina and is widely distributed in South America (Wasserman 1992; Ruiz and Wasserman 1993) . Recently, this species has colonized the Old World and Australia, offering an excellent opportunity to study the evolutionary consequences of colonization and the adaptive nature of chromosomal, allozyme, and mtDNA polymorphisms Fontdevila 1989 Fontdevila , 1991 Rossi et al. 1996) . The repetitive component of this species and its sibling Drosophila koepferae has been extensively studied in our laboratory, and our studies show an unusually high content of middle dispersed repetitive DNA including members of class I and II transposable elements (Marín, Labrador, and Fontdevila 1992; Labrador and Fontdevila 1994; Fontdevila 1995, 1996; Francino, Cabre, and Fontdevila 1994; Plata-Rengifo 1995) . The transposition rate of Osvaldo, an LTR-retrotransposon, has been directly measured in D. buzzatii laboratory strains, outbred strains from a natural population, and D. buzzatii-D. koepferae hybrids (Labrador and Fontdevila 1994; unpublished data) , showing a high transposition rate (10 Ϫ3 per element per generation) and suggesting that Osvaldo is an actively transposing element.
The evolutionary history of D. buzzatii constitutes an excellent scenario to study the biology and evolution of new transposable elements in a group of species distantly related to D. melanogaster. Here, we characterize the distribution of Osvaldo in six D. buzzatii original populations from Argentina and five colonizing populations from the Iberian Peninsula. The results suggest that the colonization process dramatically changed the original Osvaldo frequency distribution and allow us to evaluate the relative roles of deterministic versus stochastic mechanisms in shaping the profile of TE distribution in natural populations.
Materials and Methods

Natural Populations and Laboratory Stocks
A large sample of D. buzzatii males were collected from five populations from the Iberian Peninsula and six populations from Argentina ( fig. 1) . After arrival at the laboratory, each single male was crossed individually with one or two virgin females from the strain BU-42(69/7), devoid of euchromatic copies of Osvaldo (Labrador and Fontdevila 1994) . This strain has been kept inbred by single-pair matings among sibs for 69 generations and has been periodically tested for Osvaldo insertion sites by in situ hybridization. One test was carried out previous to starting the crosses with the males from natural populations. This analysis involved in situ hybridization of 20 offspring larvae from a single malefemale pair selected to keep the stock. The hybridization pattern has remained unaltered throughout all of these generations, showing hybridization only in the pericentromeric chromosomal regions and suggesting the absence of active copies of Osvaldo in this line (Labrador and Fontdevila 1994) .
In Situ Hybridization
A 2.1-kb KpnI fragment containing the pol gene region of the Osvaldo element (Labrador and Fontdevila 1994) was used as hybridization probe. Nonradioactive labeling was carried out using Digoxigenin (Boheringher Manheim), and in situ hybridization was performed using procedures described in Labrador and Fontdevila (1994) . Development of the signal was carried out using an anti-Digoxigenin antibody conjugated with alkaline phosphatase (Boheringher Manheim).
Third-instar larvae were obtained by crossing individual males from the natural population with virgin females from the strain BU-42(69/7). In situ hybridization to polytene chromosomes of the F 1 larvae revealed the original arrangement of euchromatic Osvaldo sites present in male chromosomes, because recombination is inhibited in this sex. Therefore, the observation of the polytene chromosomes of one single F 1 female larva is equivalent to the extraction of a single haploid natural genome, and the whole data set corresponds to a random sample of gametes from the field. Only female larvae, sorted by inspection of the sizes of the ovary imaginal disks, were used in order to obtain information from the male X chromosome. Reading of the samples was done observing several nuclei from each slide, ensuring that each band was always present and avoiding putative hybridization artifacts. Osvaldo sites were located at the level of cytological bands, using the Drosophila repleta polytene chromosome maps (Wharton 1942; Ruiz, Fontdevila, and Wasserman 1982) as a reference. Table 1 shows the means and variances of the copy numbers of the Osvaldo element in euchromatic regions. Pericentromeric regions were excluded from this study (see table 1 ). Osvaldo is present in these regions with a very high hybridization signal in all stocks tested so far, including BU-42(69/7) (Labrador and Fontdevila 1994) . The fit of copy number per chromosome and per haploid genome to a Poisson distribution using a 2 test has been handicapped by the lack of degrees of freedom when adjacent classes were pooled to avoid low expected numbers. An alternative test for departures from Poisson distribution was performed using dispersion coefficients (DCs), which measure the relation between the mean and the variance (DC ϭ V n /n; see table 1). DCs of 1 indicate that the number of Osvaldo sites per chromosome or per haploid genome follow a Poisson distribution. Departure from 1 indicates that the distribution is either contagious (DC Ͼ 1) or repulsive (DC Ͻ 1). A detailed observation shows that there is a high number of DCs Ͻ1 in Iberian Peninsula populations, whereas DCs in Argentinean populations seem to be randomly distributed around 1. A sign test was performed in order to confirm a putative trend of Osvaldo sites in Iberian populations toward repulsion. To this end, we assume that all sites were Poisson distributed, independent of the chromosome and the population. Under this null hypothesis, due to random fluctuations, DCs would always have a probability p ϭ 0.5 of being higher and q ϭ 0.5 of being lower than 1, following a binomial distribution. The probability of finding 18 DC values out of 22 below 1 in the Iberian Peninsula was P ϭ 0.00086, significantly different from the random expectation. The same analysis in Argentinean populations shows that 12 out of 23 DCs were below 1, a result nonsignificantly different from expectation (P ϭ 0.66). We conclude from this analysis that there is a trend in Iberian populations for Osvaldo sites to be distributed in a repulsive manner inside chromosomes, with the mean number of sites being larger than the variance.
Results
Distribution of Osvaldo Between Chromosomes
In order to test this hypothesis a step further, we computed the linkage disequilibrium for each pair of occupied sites by analysis of each possible 2 ϫ 2 contingency table (Charlesworth and Lapid 1989) . Linkage disequilibrium between sites will corroborate that the distribution of Osvaldo is not random, as expected from the Poisson distribution. The observed distribution of NOTE.-N ϭ number of individuals analyzed. n ϭ mean; V n ϭ variance; DC ϭ dispersion coefficient; HG ϭ haploid genome. See figure 1 for population identifications. n considers only the euchromatic copies of Osvaldo. All pericentromeric regions are intensely hybridized and span the following chromosomal regions: XG1h-Xbase; 2G5f-2 base; 3G4d-3 base; 4G5a-4base, and 5G4d-5base. the dot chromosome, also intensely hybridized, is mostly ␤-heterochromatic and has not been considered in this study. disequilibria, obtained as the product-moment correlation between each pair of possible sites, was compared with the expected distribution assuming no linkage disequilibrium. The expected distribution was obtained using the expected frequency for each of the possible correlation coefficients, computed throughout the probabilities of each of the 2 ϫ 2 tables obtained with each particular marginal. Probability calculations were carried out using Fisher's (1958) hypergeometric formula. Observed and expected distributions were calculated for second chromosomes from Carboneras and Sanlucar de Barrameda populations ( fig. 2 ). The Correlation coefficients were pooled in intervals of 0.1. Although figure  2 shows the total number of classes, the 2 goodnessof-fit test was carried out, grouping adjacent classes with expected values below 5. Differences between observed and expected values were highly significant for both populations ( fig. 2 ) due to an overabundance of class (Ϫ0.1; 0) and a deficiency of class (0; 0.1). This result is in agreement with the departure from Poisson distribution previously described, indicating that Osvaldo pair sites tend to be in different chromosomes more often than expected.
Linkage Disequilibrium Between Osvaldo Sites and Chromosomal Rearrangements
Chromosome 2 in D. buzzatii, as in all species of the repleta group, carries most of the described inversion polymorphisms (Wasserman 1992) . Such polymorphisms are also present in the Old World populations, for which all the cosmopolitan inversions of the species have been reported . Linkage disequilibrium between Osvaldo sites and second (and also fourth) chromosome rearrangements has been computed by the product-moment correlation coefficient (r) for those positions with a high occupancy that are present in all populations (see below and figs 3. and 4). Statistically significant linkage appeared in both Carboneras and Sanlucar de Barrameda, where the sample size was large enough to perform reliable statistical analyses (table 2). Table 2 also shows the correlation using the pooled data of all Old World populations, indicating that in most cases, linkage is in the same direction and between the same elements for all populations. Particularly interesting is the position at the 2D1h band (see fig. 3 ), which is completely linked to the 2JQ 7 inversion. On the other hand, position 2B2a, the most distant from the closest inversion break point, seems to recombine freely with the inversions, showing no significant linkage with any of them. A similar situation was found for chromosome 4 (arrangements 4S and 4St), in which the position 4C2g, close to the 4S inversion break point (about 20 cytological bands) and present in every population at a high frequency, showed a significant linkage disequilibrium (r[4S] ϭ 0.30 and P ϭ 0.037 in Carboneras; r[4S] ϭ 0.44 and P ϭ 0.0015 in Sanlucar de Barrameda). In most cases, linkage is not complete, as we have found the same position associated with both rearrangements. The same analysis is meaningless for Argentinean populations due to the low copy numbers of elements found and the absence of elements with high occupancy.
Frequency Distribution of the Osvaldo Element
The frequencies of Osvaldo at each individual site were obtained with the resolution permitted by the in situ procedure. In contrast to most TEs studied so far, Osvaldo shows very high occupancy in several euchromatic positions found in the chromosomes extracted from the colonized populations ( fig. 3 and tables 3 and 4). Positions with high occupancy have been found in all autosomes, but never in the X chromosome. Furthermore, they are not necessarily associated with proximal regions, distal regions, or inversions (especially those positions in chromosomes 3 and 5, which are devoid of inversion polymorphism). A comparison among different populations of the Old World showed that the positions with the highest occupancies are present with similar frequencies in most populations (figs. 3B and 4B).
Although alternative explanations are possible (e.g., hot spots for Osvaldo transposition or positive selection favoring these sites), we considered the possibility that the high frequency of these sites and their occurrence in different geographically distant populations could be a consequence of the colonization process. Six populations from Argentina were analyzed to test this hypothesis. Figures 3 and 4 show the comparative distribution of Osvaldo in chromosomes 2 and 5, respectively, for all populations studied. Contrary to the results obtained for populations from the Iberian Peninsula, the distributions in the Argentinean populations showed no sites with high occupancy.
Occupancy profiles for the X chromosome and the autosomal set are shown in tables 3 and 4, respectively. Most of the sites are occupied only once in Argentinean populations, while autosomes in the Old World popu- lations show sites occupied in 10%-50% of the chromosomes. The parameters ␣ (ϭ4Nen/[2m Ϫ n]) and ␤ (ϭ4Ne[s ϩ ]) measure the relative importance of the different factors acting on the distribution of TEs (Charlesworth and Charlesworth 1983) . ␣ measures the effect of drift (Ne) and transposition (), with m being the total number of occupiable sites and n being the expected mean copy number per individual, and ␤ measures the joint effects of drift, excision (), and selection (s). An ␣ value of 0 is expected when element frequencies are equal at each site and the total number of occupiable sites is infinite. In these cases, the maximum occupancy in each site is 1, rendering a ␤ value of ϱ (Charlesworth, Lapid, and Canada 1992a) . The values of ␤ are always significantly larger than 1 in samples with low frequencies of multiple occupancy.
Using the minimum 2 method (Charlesworth and Charlesworth 1983) , we estimated the parameters ␣ and ␤ only for those chromosomes with high number of copies (table 5) . In all other populations and chromosomes, including all Argentinean populations, the occupancy profiles did not allow estimates of ␣ and ␤ due to the lack of degrees of freedom after pooling the classes to avoid low expected values. However, the occupancy profile matches that of the elements described by Charlesworth, Lapid, and Canada (1992a) , with a low number of copies and most sites occupied only once. For these cases, values of ␣ are expected to be 0 or ϱ, and values of ␤ tend to be higher than 1 or ϱ. Table 5 shows the results of estimates for Iberian Peninsula populations. We estimate the values for chromosomes 2 and 5 when possible and for the autosomal set in each population. The values of ␣ and ␤ allowed us to estimate the values of x (expected element frequency per occupiable site) and m (total occupiable sites) as described in Charlesworth and Charlesworth (1983) . Again, in contrast to most elements described so far, the very low values of ␤ indicate the predominance of genetic drift over all of the other forces acting on Osvaldo distribution in the Old World populations. In fact, the values of m are unreasonably low, x and tends to be 1, showing the high relative weight that certain positions have in the distribution of Osvaldo.
Effect of Deterministic Forces on Osvaldo Distribution
To investigate whether deterministic forces are playing some role in Osvaldo distribution, we performed a study comparing X chromosomes and autosomes. The expected copy number of Osvaldo per chromosome is shown in table 6. Assuming that Osvaldo distribution is random, the expected number of copies should be proportional to the relative amount of DNA in each chromosome. The number of bands in the cytological map of the polytene chromosomes of D. buzzatii (Wharton 1942; Ruiz, Fontdevila, and Wasserman 1982) was considered directly proportional to the amount of DNA. Finally, a G-test of goodness of fit was carried out to compare the observed and the expected values. Comparisons between chromosomes, between autosomes, and between the X chromosome and autosomes were performed (tables 7-9).
First, we considered each population independently. All three comparisons yielded significant differences * P Ͻ 0.05. ** P Ͻ 0.01. *** P Ͻ 0.001. a The positions with a high occupancy in other chromosomes are 3F2b, 4C2g, and 5A4a-b. b Only D1h is included inside an inversion. F1h, F4a, and G2h are close to inversion break points. B2a is far from any inversion break point. There are no inversion in chromosomes 3 and 5. 4G2g shows a significant linkage in chromosome 4 and is also close to the 4S inversion break point.
c Although both sites show disequilibrium with 2J rearrangement, correlation between them is nonsignificant (r ϭ Ϫ0.07; P ϭ 0.38). The lack of linkage suggests that at least two independent 2J rearrangements arrived during colonization. for Old World populations (table 7), indicating that copy number was nonrandomly distributed among chromosomes. There is a highly significant reduction in copy number in the X chromosome compared with the expected number (see also table 1). However, differences are also highly significant when autosomes are compared, ruling out the possibility that this is a particular effect of the X chromosome. These differences are probably due to the high occupancy of the described sites. In order to determine whether the differences were always in the same direction or were randomly distributed, we performed a heterogeneity test (Sokal and Rohlf 1995) . The results showed that all populations are homogeneous, indicating that chromosomal differences in copy number were geographically consistent and always in the same direction (table 7, bottom). This result rules out the possibility that the differences were due to random fluctuations of the element in different populations.
In Argentina, independent comparisons for each population yielded no differences (table 8) . However, considering the low copy number of Osvaldo per chromosome, the lack of significance could be the consequence of the low statistical power of the test. The results were different when the data from all populations were pooled (table 8, bottom). The pooled data show a highly significant reduction in copy number for the X chromosome. In contrast, differences between autosomes were statistically nonsignificant. Again, the heterogeneity test showed that the differences for all populations were in the same direction, toward a significant reduction in Osvaldo copy number in the X chromosome, suggesting that selection is acting against the increase in Osvaldo copy number. This result needs to be contrasted with the results from the Iberian Peninsula, where no specific effect of the X chromosome was detected. After pooling the data, we assumed that the eight positions with high occupancy were responsible for the differences between chromosomes found in the Iberian Peninsula. We carried out the same analysis, but excluding these eight sites from the computation. The results then showed that there were no significant differences for all comparisons made (table 9) and that the populations analyzed were homogeneous. There are no differences in copy number between chromosomes, considering the pooled sample. However, differences between the X chromosome and the autosomes are close to the significant level (P ϭ 0.07).
Consequences of Colonization on Copy Number
A Kruskal-Wallis nonparametric analysis of variance was performed to compare the Osvaldo copy numbers between Argentinean and Iberian Peninsula populations ( fig. 5A ). The comparisons were first made among all samples. The differences were highly signif- icant (H ϭ 103.46, P ϭ 0.0001). Using the same analysis, differences between populations within each group were never statistically significant (H ϭ 1.57, P ϭ 0.90 for Argentina; H ϭ 4.6, P ϭ 0.20 for the Iberian Peninsula). The same analysis was performed disregarding the positions present in Old World populations at high frequencies. In this case, overall population differences were nonsignificant ( fig. 5B ). We conclude that the higher mean number of copies in colonized populations is only the result of the increasing frequency of those eight high-frequency sites. These results agree with the conclusion that in colonization, the mean copy number of Osvaldo increased significantly due to founder events.
Discussion
The Distribution of Osvaldo Is a Consequence of Colonization
We have shown that Osvaldo is present at different chromosomal sites with occupancy rates close to 50%.
These sites are dispersed in all autosomes and are not necessarily associated with inversions. In addition, this distribution was found in all D. buzzatii Iberian Peninsula populations studied. As has already been suggested, inbreeding could be responsible for an increase in TE copy number and occupancy rate (Charlesworth and Charlesworth 1995; Brookfield and Badge 1997) . Inbreeding would make the occupied sites homozygous, decreasing the probability of ectopic recombination, and, consequently, would lower the selection pressure against TEs by eliminating deleterious rearrangements. Using similar reasoning, we suggest that the frequency distributions of Osvaldo in Iberian populations are mainly the outcome of a severe reduction in the population size during the founding of colonizing populations.
After comparing original populations with colonizer populations, several lines of evidence support this suggestion. First, we found evidence suggesting that Iberian populations do not fit a Poisson distribution for the number of euchromatic copies of Osvaldo. This is not surprising if we consider the presence of some copies with a high occupancy rate, which deviates the distribution from random. Moreover, there is a significant trend for DCs to be lower than 1, indicating that there is a repulsion between Osvaldo sites: the probability of finding two Osvaldo sites in a chromosome is lower than would be expected if the distribution was random. Second, the analysis of linkage disequilibrium in chromosome 2 from Carboneras and Sanlucar de Barrameda populations confirmed this finding, showing a significant negative linkage between sites. This result is difficult to interpret and has never been found for other TEs (Charlesworth and Lapid 1989; Charlesworth, Lapid, and Canada 1992a) . Interestingly, Argentinean populations show a Poisson distribution of Osvaldo sites. A suggestive interpretation is that selection favors chromosomes bearing a single Osvaldo insertion site. These sites will be homozygous most of the time, due to their high frequency in the population, escaping negative selection against ectopic recombination. This interpretation requires a very strong selection against ectopic recombination, which does not seem to take place in D. mela- (225), 2 (364), 3 (298), 4 (268), and 5 (284). See figure 1 for population identification. nogaster (Hoogland and Biemont 1996) , but could be true for a species like D. buzzatii. The recombination rate is higher in this species than in D. melanogaster, as shown by the relatively larger size of the recombination map of chromosome X: 109 map units in D. buzzatii versus 70 in D. melanogaster (Shafer et al. 1993 ). This fact could be also an important clue to explain the characteristic low copy number of Osvaldo and the significant differences in TE copy number found between closely related species like D. melanogaster and D. simulans, for which recombination rates are also different.
High Occupancy Suggests a Low Number of Colonizers
We have described significant linkage disequilibrium between highly occupied sites and some chromosomal inversions in chromosomes 2 and 4 (table 2). High occupancy in sites associated with inversions has been already described (Sniegowski and Charlesworth 1994; Suh et al. 1995) . However, our finding for Iberian Peninsula populations requires an alternative explanation, as it is deduced from the fact that at least four sites are either in chromosomes lacking inversion polymorphisms or outside of the inversions and far from their break points. Inversion JQ 7 shows complete linkage disequilibrium with one highly occupied site (2D1h). This inversion is present in only one New World population (Arroyo Escobar) at a very low frequency . Due to its low frequency, hundreds of chromosomes must be sampled in order to obtain the 2JQ 7 chromosomes (we did not find any 2JQ 7 rearrangement in our sample). However, in situ hybridization to polytene chromosomes from 2JQ 7 laboratory stocks previously extracted from Arroyo Escobar showed that two out of three independent 2JQ 7 chromosomes carried the same 2D1h site occupied by Osvaldo (data not shown). The simplest interpretation is that this population is the colonizer and that the 2JQ 7 rearrangement, containing an Osvaldo 2D1h site, was present during the colonization process. The explanation for the origins of most of the remaining high-frequency sites could be the same as that for 2D1h (table 2) . None of these sites except 2Dh1 are included in an inversion. However, all high-occupancy sites in chromosome 2 except 2B2a (the only one lacking linkage disequilibrium) are relatively close to one inversion break point, suggesting that the original linkage was stronger and that it has been only partially broken by recombination, due to the inhibition of crossing over in inversion heterozygotes. If the high frequencies of these sites were the result of a reduction in the population size during the founder event, the observed linkage would allow us to roughly estimate the effective number of colonizers. Obviously, a 2JZ 3 rearrangement was present among the colonizers, although it did not carry any Osvaldo insertion. At least two 2J rearrangements arrived, each one carrying one of the linked Osvaldo sites (2F1f-g and 2G2h). At least one 2St arrangement arrived bearing the 2F4a site. Finally, one 2JQ 7 rearrangement arrived carrying the 2Dh1 site. This gives us the minimum number of colonizers in terms of chromosome 2 rearrangements: one 2St, two 2J, one 2JZ 3 , and one 2JQ 7 arrangements. This adds up to a minimum number of three diploid genomes necessary to explain the actual distribution of Osvaldo. The upper limit is difficult to establish but could not be far from three. Considering the mean number of Osvaldo elements in Argentinean populations (i.e., 1.22 per haploid genome) and that they are probably in equilibrium, the total number of expected sites in a sample of three individuals is 7.33. This value coincides with the number of positions present in all the Iberian Peninsula populations at a high frequency (i.e., eight). At the moment of colonization, the starting frequency for each site would be close to 17%. Subsequent variations due to drift and selection would explain the actual frequencies.
The analysis of the frequency distributions of Osvaldo in the Old World populations also supports the hypothesis of a reduced population size for colonizers. Values of ␤ are always higher than 10 and are frequently ϱ for elements with sites occupied only once. Our ␤ values are, on average, 5 ϫ 10 Ϫ4 , a very low value compared with those of Charlesworth and Lapid (1989) , those of Charlesworth, Lapid, and Canada (1992a) and those reviewed by Charlesworth and Langley (1989) . The value of ␣ is significantly different from 0, the expected value assuming that frequency of the element will be equal at each site (Charlesworth and Charlesworth 1983; Langley, Brookfield, and Kaplan 1983) . Again, this value of ␣ is different from that obtained for most elements with low copy numbers in D. melanogaster, usually ϱ (Charlesworth and Langley 1989; Charlesworth, Lapid, and Canada 1992a) . As ␤ measures the relative effect of selection and drift (␤ ϭ 4Ne[s ϩ ]), our low values, close to 0, indicate that drift is the main force acting on the distribution of the Osvaldo element in Iberian populations. Even accepting that the estimates of ␤ have great uncertainty due to the low copy number of Osvaldo, the difference in ␤ values for other TEs, including Osvaldo, in Argentina must be considered significant.
In a population at equilibrium, all forces that remove elements from the genome (negative selection and excision) equal the transposition rate, so the mean copy number per genome remains stable. Our results show that selective forces are acting in Argentinean populations, probably in equilibrium, as deduced from the lower mean number of sites in the X chromosome with respect to the autosomes (tables 6 and 8). Likewise, these forces must be acting in the D. buzzatii populations from the Iberian Peninsula, for which differences between the X chromosome and autosomes are marginally significant (table 9) . Therefore, it could be suggested that selection and transposition processes are Labrador and Fontdevile (1994) . c Unpublished data. d Suh et al. (1995) . e Charlesworth, Lapid, and Canada (1992a) . f Vieira and Biemont (1997) .
bringing the population to equilibrium in the Iberian Peninsula. Moreover, the observation that differences in copy number after removing the eight common sites are not significant between original and colonizing populations ( fig. 5 ) suggests that the latter are close to equilibrium. Assuming equilibrium, we can consider s ϩ ϭ . Taking advantage of the relation of ␤ to the effective population size (␤ ϭ 4Ne[s ϩ ]) and considering our current estimations of transposition rates for Osvaldo (1.4 ϫ 10 Ϫ3 to 8.5 ϫ 10 Ϫ3 ; as described in Labrador and Fontdevila [1994] and unpublished data) and other TEs (average of 7.5 ϫ 10 Ϫ4 ; Suh et al. 1995) , we can estimate the value of Ne for founder populations. Thus, considering that the average estimate of for Osvaldo is 5 ϫ 10 Ϫ3 and that the mean value of ␤ is 1.25 ϫ 10 Ϫ4 , the value of Ne is 0.025. Even a more conservative average of for other elements (7.5 ϫ 10 Ϫ4 ) yields an Ne value of 0.166, in agreement with the previous finding that the effective number of colonizers was very small. These results are also in agreement with other studies of colonization in the Old World, using mtDNA as a marker, in which all D. buzzatii colonizer populations are monomorphic for a single haplotype (Rossi et al. 1996) .
Transposition and Selection Coefficients of Osvaldo Can Be Estimated from Colonizer Populations
Under the most simplistic model of colonization, a value of transposition rate could be estimated. If we assume that the positions with high occupancy were the only ones that arrived at the Iberian Peninsula in the process of colonization, all other sites would represent new insertions after the founder event. Historical considerations suggest that D. buzzatii colonized the Old World approximately 3,600 generations ago, assuming 300 years since colonization (Fontdevila 1989 (Fontdevila , 1991 and 1 month per generation. Taking the pooled sample of 137 genomes from all populations, there are a total of 177 new insertions (excluding high-occupancy sites) and a mean number of 2.8 Osvaldo sites per genome. With these data, we can estimate a minimum value of ϭ 177/(137 ϫ 3,600 ϫ 2.8) ϭ 1.28 ϫ 10 Ϫ4 transpositions per element and generation. It must be taken into account that this is a minimum value, because negative selection and excision have not been considered. Certainly, the transposition rate must be higher than this value to cope with the forces that seem to be acting in the populations to remove copies of Osvaldo, as deduced from the X chromosome-autosomes comparisons. To estimate excision rates of Osvaldo, we use the 2JQ 7 rearrangement. The presence of an original insertion in this chromosome since the beginning of colonization allows us to estimate a minimum excision rate, . We found a total of 17 2JQ 7 chromosomes in our sample, and all of them showed the same Osvaldo hybridization site (2Dh1). Assuming that there is no selection favoring this position, the excision rate must be Յ1.63 ϫ 10 Ϫ5 excisions per element per generation (1/[17 ϫ 3,600]). As we also have different estimates of Osvaldo transposition rates in the laboratory (Labrador and Fontdevila 1994 ; unpublished data) and other estimates from TEs in nature, we can obtain estimates for the coefficient of selection acting on Osvaldo in natural populations (table  10) . These estimates were computed by solving three independent equations. First, ϫ 137 ϫ 3,600 ϫ 2.8 ϭ X, where X is the total number of new insertions produced with a rate assuming 2.8 as the mean number of copies per haploid genome. Second, (s ϩ ) ϫ 137 ϫ 3,600 ϫ 2.8 ϭ Y, where s is the mean coefficient of selection against each Osvaldo individual site, is the excision rate, and Y is the total number of sites that have been removed during the last 3,600 generations. Third, X Ϫ Y ϭ 177, the difference between X and Y, which corresponds to the total number of new insertions found.
Using different estimates of and the maximum excision rate computed above, different values of (s ϩ ) and s can be obtained (table 10) . Other laboratory estimates, such as those of Harada, Yukuhiro, and Mukai (1991) , have not been included because they are clearly lower (10 Ϫ6 to 10 Ϫ5 ) than the minimum estimated for Osvaldo. Transposition rates such as those estimated by Charlesworth, Lapid, and Canada (1992a) for natural populations are closer to the minimum estimated for Osvaldo in this work. This rate is, however, smaller than the transposition rates estimated in the laboratory and other estimates of TEs in natural populations using more accurate methods (Suh et al. 1995; Vieira and Biemont 1997) . These higher values of , and our own estimates, suggest a high selection coefficient that could be responsible for the low copy number usually found for Osvaldo in natural populations.
Factors Controlling TE Copy Number in Populations
Copy numbers per haploid genome are different among families of transposable elements (e.g., the Roo element can be present in 200 copies per genome, whereas gypsy has an average of only 2-8). Moreover, depending on the particular strain, some elements can be selectively amplified (e.g., the gypsy element in flamenco strains). Thus, it is necessary to establish two different kinds of factors controlling mean copy number of TEs in a population: species-and/or population-specific factors (host-specific factors) and element-specific factors. A recent work suggests that differences in transposition rates will explain the differences between TE copy number in D. melanogaster and D. simulans (Nuzhdin 1995) . Although Nuzhdin's (1995) data from natural populations suggest so, it is difficult to envisage a genetic process by which transposition rates can be lowered in D. simulans or increased in D. melanogaster to the same extent for all TEs tested. It seems easier to think that host-specific factors determine the average copy number of TEs in D. simulans to be smaller than in D. melanogaster. The same factors would explain why the 412 element dramatically increased its copy number in an Australian population of D. simulans without increasing its transposition rate . Element-specific factors will explain the existence of a correlation in copy number for the different TE families when both D. simulans and D. melanogaster are compared (Nuzhdin 1995; Vieira and Biemont 1996) . Our data for D. buzzatii TEs suggest a similar situation to that found for D. simulans. All elements described so far (Francino, Cabre, and Fontdevila 1995; Fontdevila 1995, 1996 ; unpublished data) seldom reach 10 copies per diploid genome and frequently have no more than 2-3 copies, as is the case for Osvaldo.
The selection coefficient should reflect both hostand element-specific factors and should provide a better explanation for the differences found between D. melanogsater and D. simulans. Most of our s estimates for Osvaldo are one or two orders of magnitude larger than those proposed by Charlesworth and Langley (1989) . These authors suggest that with s coefficients of 10 Ϫ5 , D. melanogaster populations can support an average of 500 TE copies, with an average copy number per element of 10. As mentioned above, the fact that for D. simulans and D. buzzatii, the recombination rate is significantly higher than for D. melanogaster suggests that recombination rate could be the host-specific factor determining the systematic low TE copy number for both species. Accordingly, the low s values (10 Ϫ3 to 10 Ϫ4 ) found for Osvaldo are in agreement with the hypothesis of strong selection induced by high recombination rates.
Consequently, the total number of TE copies per genome should be reduced in order to reduce the genetic load of the population. Wisotzkey, Felger, and Hunt's (1997) study of the Uhu and LOA elements in Hawaiian Drosophila suggests that the colonization of new islands by species from older islands resulted in a significant increase in both copy number and homozygosity of transposable elements. Their data can be interpreted in two ways: First, genetic drift and inbreeding are responsible for the distribution found for both elements, in a process similar to what we propose for Osvaldo in the Iberian Peninsula. Under this hypothesis, we would expect drift to also act in the opposite direction, at least for some low-copy elements in which active copies can be lost during the reduction of population size. The observation that Uhu and LOA show exactly the same pattern can be explained considering that both elements have been cloned from species from the youngest island (Hawaii), and a natural bias could have been introduced to clone elements with high copy numbers. Second, the colonization process, with the consequent inbreeding and putative changes in regulatory factors, results in a general increase in transposition rates each time an island is colonized. This hypothesis involves interactions with host factors. Although this kind of interaction is becoming clearer at many different levels (see Labrador and Corces 1997) , it is still difficult to envisage a single mechanism responsible for the control of the transposition of two elements belonging to completely different classes of transposons (DNA elements and retrotransposons). The hypothesis of an increase in transposition rate due to changes in host regulatory factors in Iberian populations is more difficult to sustain. The linkage disequilibrium described here and the finding of a position fixed in the Iberian Peninsula and already present in a population from Argentina provide strong evidence against this possibility. More elements involved in colonization processes must be studied in order to test both possibilities. Colonization is an excellent tool with which to completely understand the factors that control the spread and the copy number of transposable elements in natural populations.
